Background {#Sec1}
==========

Pulmonary hypertension is a predictor of death and hospitalisation \[[@CR1]--[@CR5]\] in patients with chronic obstructive pulmonary disease (COPD). Patients with pulmonary hypertension in COPD, as defined by a mean pulmonary artery pressure (mPAP) of ≥25 mmHg have a 5-year survival rate of 36% \[[@CR6]\]. A number of studies in patients with severe COPD have shown that mild pulmonary hypertension is common: a recent study in patients with severe COPD referred for lung volume reduction surgery demonstrating pulmonary hypertension at right heart catheter in 50% \[[@CR7], [@CR8]\]. More recently, with the advent of therapies for other forms of pulmonary hypertension there has been increasing interest in the subset of lung disease patients with severe (previously called "out of proportion") pulmonary hypertension, defined as an mPAP ≥35 mmHg or mPAP ≥35 mmHg with cardiac index ≤2.0 \[[@CR9]\], where a cardiovascular limitation to exercise, rather than respiratory limitation exists \[[@CR10]\]. This raises the possibility that pulmonary vascular therapies may improve symptoms and outcome in this patient group \[[@CR11]\].

The gold standard for diagnosis of pulmonary hypertension is right heart catheter (RHC), however, this is an invasive test \[[@CR12]\]. As such, patients are screened for pulmonary hypertension with echocardiography, but unfortunately, this is less accurate in COPD where pulmonary artery pressure, when measured, is often overestimated \[[@CR13], [@CR14]\]. A non-invasive method for estimating mPAP in COPD patients would, therefore, be useful to help diagnose PH, in prognostication and for possible assessment of treatment response or follow-up in clinical trials.

Several predictive cardiac magnetic resonance (CMR) imaging models have been proposed for estimation of pulmonary artery pressure \[[@CR15]--[@CR17]\]. The predictive value of these MR derived imaging models in a population of patients with suspected pulmonary hypertension in COPD remains unknown. The aim of this study was to assess the diagnostic accuracy and the prognostic value of these published models of non-invasive mPAP prediction using cardiovascular MRI.

Materials and Methods {#Sec2}
=====================

All consecutive patients who underwent MRI at a pulmonary hypertension referral centre \[[@CR18]\] from April 2012 to October 2015 with suspected pulmonary hypertension were assessed for inclusion. Inclusion criteria were a formal diagnosis of COPD (according to standard criteria), as per the ASPIRE (Assessing the Spectrum of Pulmonary hypertension Identified at a REferral centre) registry \[[@CR18]\]. Patients were assessed for either obstructive spirometry (defined as FEV1/FVC ratio of ≤0.70) or qualitative CT evidence of emphysema, as per standard radiological practice \[[@CR19]\]. Any patients without RHC and MRI within 90 days were excluded. Ethical approval was granted from a local ethics committee for this retrospective study, written consent was waived (ref c06/Q2308/8).

Image Acquisition {#Sec3}
-----------------

Cardiac MRI was performed in a pulmonary hypertension tertiary referral centre \[[@CR18]\], on a GE HDx 1.5-T whole body scanner (GE Healthcare, Milwaukee, WI, USA), using an 8-channel cardiac coil, with the patient supine. Four-chamber (4Ch) and short axis (SA) cine images were acquired using a retrospectively cardiac gated multi-slice steady-state free precession (SSFP) sequence. A stack of axial images in the SA plane with slice thickness of 8 mm with a 2 mm inter-slice gap or 10 mm with no inter-slice gap were acquired, covering both ventricles from base to apex. The SSFP sequence parameters were: TR 2.8 ms, TE 1.0 ms, flip angle 50°, field of view 48x43.2, 256x256 matrix, 125 kHz bandwidth, and slice thickness 8 to 10 mm. This cardiac MRI scan protocol takes approximately 40 min to perform.

Image Analysis and Metrics {#Sec4}
--------------------------

MR images were manually analysed by DC (a cardiac MRI radiographer of 9 years cardiac MRI experience) on a GE Advantage Workstation 4.4 and GE Advantage Workstation ReportCard software, with the observer blinded to all clinical information and other investigations. Left and right ventricular end-diastolic volume, end-systolic volume, right and left ventricular stroke volume and mass were calculated (all indexed to body surface area), right and left ventricular ejection fraction, ventricular mass index (RV mass divided by LV mass) \[[@CR20]\] and interventricular septal angle were measured as previously described \[[@CR15]\]. Right and left ventricular ejection fractions were calculated as (end diastolic volume minus end-systolic volume) divided by end diastolic volume. Maximal and minimal PA areas were manually traced, and relative area change was defined by the following equation: RAC= (maximum area-minimum area/minimum area) \[[@CR21]\]. Reproducibility metrics for these cardiac MRI metrics for DC and AJS have been previously published \[[@CR22]\]. Please see Fig. [1](#Fig1){ref-type="fig"} for a diagram of the key imaging metrics that were measured.Fig. 1Diagram showing the methodology of calculation of the cardiac MRI metrics. Pulmonary artery relative area change (**a**) taken from cine images taken at the level of the pulmonary trunk, perpendicular to the main pulmonary artery; septal angle (**b**) taken as the angle made between the insertion points of the RV to the mid septum on the end-systolic image from the short axis stack; and (**c**) ventricular mass index taken by segmentation of the muscle mass of the left and right ventricle on the stack of images taken in the short axis plane

CMR image based models {#Sec5}
----------------------

Previously published parametric models, developed for diagnostic and prognostic assessment in PH, were derived from cardiac MRI metrics:The CMR-RV model is based on ventricular mass index and interventricular septal angle: mPAP = --4.6 + (interventricular septal angle x 0.23) + (ventricular mass index x 16.3), see Fig. [1](#Fig1){ref-type="fig"} (A and B). This model was developed in a cohort of 64 treatment naïve patients with suspected pulmonary hypertension in a tertiary referral centre. In a derivation cohort of 64 patients with suspected pulmonary hypertension, this showed good correlation with right heart catheter measured mPAP and strong diagnostic accuracy. The published threshold of ≥32 mmHg had 87% sensitivity and 90% specificity for the presence of all causes of pulmonary hypertension \[[@CR15]\].The PA/RV model is similar to the CMR-RV model (above), with the addition of basic function metrics of the pulmonary artery: CMR-PA/RV = -21.806 + (inter-ventricular septal angle x 0.31) + (ventricular mass index x 11.5) + (diastolic pulmonary artery area x 0.01) -- (PA relative area change x 0.22), see Fig. [1](#Fig1){ref-type="fig"} (A, B, C and D). This model was derived in 247 patients with suspected pulmonary hypertension patients and was predictive of pulmonary hypertension in a separate prospective cohort of 115 patients, with an area under the receiver operator curve of 0.92 \[[@CR16]\].The alpha index comprises both functional and structural information, utilising right ventricular function along with pulmonary artery size: Alpha index = minimum PA area/RV ejection fraction. This model was assessed in a cohort of 185 patients, with an area under ROC curve of 0.95 \[[@CR17]\].

The diagnostic cut-off for pulmonary hypertension for CMR-RV was ≥32 and alpha index ≥7.2, as published in the literature \[[@CR15]--[@CR17]\]. CMR-PA/RV does not have a published threshold, so we used a threshold of ≥25, as this mirrors the threshold of invasively measured mPAP at right heart catheterisation.

Right Heart Catheterisation {#Sec6}
---------------------------

Right heart catheterisation was performed using a balloon tipped 7.5 Fr thermodilution catheter (Becton-Dickinson, Franklin Lakes, NJ, USA). Pulmonary hypertension was defined as a resting mPAP ≥25 mmHg and severe pulmonary hypertension as a resting mPAP ≥35 mmHg. Cardiac output was calculated using thermodilution.

Statistics {#Sec7}
----------

Pearson's correlation between CMR models and RHC-mPAP were calculated. The relative accuracy of the models was assessed using Bland-Altman plots. Diagnostic accuracy was calculated from the 2x2 contingency table to calculate sensitivity, specificity, negative predictive value and positive predictive value. Receiver operating characteristic (ROC) curves were constructed and the area under the ROC curve (AUC) recorded.

The interval from CMR until all cause death or census was regarded as the follow-up period. The census was performed on 25/02/2016. Log-log plots were visually inspected to ensure linearity with outcome data. Survival analysis was performed using univariate and multivariate Cox proportional hazards regression. In order to allow for comparison between each metric, this was performed with each variable standardised as the z score for the population studied. Multivariate analysis was performed in a forward direction, for all variables with a statistically significant association with mortality on univariate analysis.

Kaplan-Meier plots were generated for each model and RHC measured mPAP, dichotomised by a value of 35, and Chi square values were calculated using the Log rank test, as this is the threshold value for severe pulmonary hypertension \[[@CR9]\]. Statistical analysis was made using SPSS 22 (IBM, Chicago, IL, USA) and graphs were created using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). A *p*-value of \<0.05 was considered statistically significant.

Results {#Sec8}
=======

A total of 1864 patients were referred to the pulmonary hypertension centre during the period studied and underwent right heart catheterisation: of these 145 had a documented diagnosis of COPD from a respiratory specialist. One hundred and two had MRI and RHC within 90 days so were included in the study. There were 87 patients with pulmonary hypertension (69 of these had severe pulmonary hypertension) and 15 patients without pulmonary hypertension (please see Fig. [1](#Fig1){ref-type="fig"} for the patient diagnostic pathway). Figure [2](#Fig2){ref-type="fig"} shows the flow of patients within the diagnostic pathway. There were 24 with GOLD severity 1, 40 with GOLD severity 2, 18 with GOLD severity 3 and seven with GOLD severity 4; 13 patients did not have spirometry results available for analysis. Of the 102 cases of COPD included in the study, 75 had spirometric evidence of airflow limitation (FEV1/FVC ratio \<0.7), and the remaining 17 had evidence of emphysema on CT. Table [1](#Tab1){ref-type="table"} shows the patient demographics and clinical characteristics for the whole group and split into no PH (mPAP \<25 mmHg), PH (mPAP 25 to ≤35 mmHg) and severe PH (mPAP ≥35 mmHg).Fig. 2Patient selection Table 1Patient demographics, mean with standard deviation with ANOVA p-value between no PH, mild PH and severe PHAll patientsNo PHPHSevere PH*p*-value (ANOVA)Number102151869Clinical Demographics Age (years)67 (12)59 (17)67 (12)69 (9)0.012 Sex (F/M) WHO functional class (II,III,IV) ISWT (m)174 (169)432 (264)141 (101)121 (87)\<0.001Baseline catheter data mPAP (mmHg)40 (12)21 (3)31 (3)47 (8)\<0.001 mRAP (mmHg)11 (6)6 (2)8 (3)11 (7)0.056 PAWP (mmHg)12 (4)10 (3)12 (3)13 (4)0.013 CI (Litre/m^2^)2.8 (0.9)3.1 (0.7)3.2 (0.9)2.6 (0.9)0.005 PVRI (Dyne.s)3.7 (0.9)3.1 (0.7)3.2 (0.9)2.6 (0.9)\<0.001 SvO2 (%)65 (9)72 (8)69 (5)62 (9)\<0.001 Days RHC to MR5 (15)5 (19)5 (13)5 (14)0.989Spirometryn=89n=9n=17n=63 FEV1 (% Pred)66 (24)76 (24)58 (15)66 (25)0.165 FVC (% Pred)85 (22)92 (20)77 (15)87 (24)0.155 FEV1/FVC0.55 (0.15)0.63 (0.20)0.51 (0.10)0.55 (0.15)0.179 TLCO (% Pred)30 (22)80 (31)33 (15)21 (9)\<0.001Cardiac MRI RV EDV index89 (35)72 (30)70 (32)97 (34)0.002 RV ESV index56 (31)36 (18)37 (26)66 (30)\<0.001 RVEF40 (14)51 (8)51 (11)35 (12)\<0.001 RV mass index LV EDV index55 (18)62 (10)63 (18)52 (19)0.026 LV ESV index20 (18)19 (6)20 (10)20 (12)0.921 LVEF64 (12)69 (10)69 (9)61 (12)0.014 PA RAC10 (8)16 (14)12 (8)8 (6)0.008 VMI0.43 (0.28)0.28 (0.11)0.28 (0.17)0.51 (0.31)0.001 IVS angle165 (24)134 (10)152 (14)174 (20)\<0.001 Black blood score3 (1)1 (1)2 (1)3 (1)\<0.001 Alpha-index25 (14)13 (6)16 (6)30 (14)\<0.001 CMR-RV41 (9)33 (4)35 (5)44 (9)\<0.001 CMR-PA/RV35 (9)23 (5)30 (5)39 (7)\<0.001PH: pulmonary hypertension, WHO: World Health Organisation, ISWT: Incremental shuttle walk test, FEV1: Forced expiratory volume in 1 s, RVC-mPAP: right heart catheter measured mean pulmonary artery pressure, mRAP: mean right atrial pressure, PAWP: pulmonary arterial wedge pressure, CI: cardiac index, PVRI: pulmonary vascular resistance index, SvO~2~: mixed venous oxygen saturation, FVC: forced vital capacity, TLCO: transfer factor for carbon monoxide, RHC: right heart catheter, MRI: magnetic resonance imaging

Diagnostic accuracy {#Sec9}
-------------------

Table [2](#Tab2){ref-type="table"} shows the univariate correlations of CMR imaging metrics: RV end diastolic volume index, RV end systolic volume index, RV ejection fraction, RV mass, PA diastolic area and relative area change, ventricular mass index, interventricular septal angle septal angle, average velocity and black blood score all showed statistically significant correlations with RHC mPAP. All of the models showed strong correlations with RHC measured mPAP, with *p*-values \<0.0001. The CMR-PA/RV model showed stronger correlation with mPAP than the individual quantitative measurements alone. A scatter plot of the MRI models against RHC-mPAP is given in Fig. [3](#Fig3){ref-type="fig"}. The models all showed a stronger correlation with mPAP in the patients with mPAP \<35 mmHg (r- and *p*-values for PA-RV were 0.550 and 0.001, CMR-PA/RV 0.653 and \<0.001 and alpha 0.341 and 0.052) than in the patients with mPAP ≥35 mmHg (r- and *p*-values for PA-RV were 0.431 and \<0.001, CMR-PA/RV 0.407 and 0.001 and alpha 0.210 and 0.083).Table 2CMR imaging metrics and MRI model correlations with mPAPCorrelation with mPAPR*p*-valueRVEDV index0.377\<0.0001RVESV index0.482\<0.0001RVEF-0.585\<0.0001RV mass0.372\<0.0001LVEDV index-0.3040.002LVESV index-0.0290.772LVEF-0.2210.026PA diastolic area0.401\<0.0001PA RAC-0.344\<0.0001VMI0.470\<0.0001IVS angle0.710\<0.0001Average PA velocity-0.428\<0.0001Black blood score0.603\<0.0001CMR-RV0.689\<0.0001CMR-PA/RV0.732\<0.0001Alpha index0.527\<0.0001RVEDV: right ventricular end-diastolic volume, RVESV: right ventricular end-systolic volume, RVEF: right ventricular ejection fraction, RV: right ventricle, LVEDV: left ventricular end-diastolic volume, LVESV: left ventricular end-systolic volume, LVEF: left ventricular ejection fraction, PA: pulmonary artery, PA RAC: pulmonary artery relative area change, VMI: ventricular mass index, IVS: interventricular septum Fig. 3Scatter plots showing correlations of each MRI model with right heart catheter measured mPAP

Bland-Altman plots were also created to assess the accuracy of the models against RHC-mPAP (Fig. [4](#Fig4){ref-type="fig"}), this was not performed for alpha index as it was not designed to directly assess mPAP. Bland-Altman analysis showed modest accuracy for CMR-RV (bias -5.2%, limits of agreement -51.2 to 40.8%) and CMR-PA/RV models (bias 12.2% and limits of agreement -30.7 to 55.0%). Table [2](#Tab2){ref-type="table"} shows the correlation of the CMR models against RHC mPAP. Figure [5](#Fig5){ref-type="fig"} shows the ROC curves for the three CMR models. CMR-PA/RV and CMR-RV had the largest AUC values, 0.93 (95% confidence interval 0.86-1.0) and 0.91 (95% confidence interval 0.84-0.97), respectively, and alpha index also showed good diagnostic accuracy with AUC 0.837 (95% confidence interval 0.74-0.94). The sensitivity and specificity of the CMR-PA/RV model was 92% and 80%, CMR-RV model 90% and 79%, and the alpha index 100% and 13%, respectively (Table [3](#Tab3){ref-type="table"}).Fig. 4Bland-Altman plots showing accuracy of models against RHC-mPAP Fig. 5ROC curve for the diagnosis of pulmonary hypertension Table 3Diagnostic accuracy for pulmonary hypertensionSensitivitySpecificityPositive predictive valueNegative predictive valueROC Area under curve*p*-valueCMR-RV (threshold 32)90% (95% CI 82-95)79% (95% CI 52-92)96% (95% CI 89-99)58% (95% CI 36-77%)0.908 (95% CI 0.84-0.97)\<0.0001CMR-PA/RV (threshold 25)92% (95% CI 84-96%)80% (95% CI 55-93%)96% (95% CI 90-93%)63% (95% CI 41-81%)0.931 (95% CI 0.86-1.00)\<0.0001Alpha Index (Threshold 7.2)100% (95%CI 96-100)13% (95% CI 0-38)87% (95% CI 79-92%100% (95% CI 18-100%)0.837 (95% CI 0.73-0.94)0.020

Outcome {#Sec10}
-------

During a mean follow up period of 1.5 years (standard deviation 0.9) there were 33 deaths. Table [4](#Tab4){ref-type="table"} gives the scaled univariate Cox proportional hazards regression results for patient demographics, RHC and CMR measurements. Age, sex, walk distance FEV1 percent predicted, FVC percent predicted and FEV1/FVC ratio were not univariate predictors of mortality. PA relative area change, right ventricular mass index, ventricular mass index, interventricular septal angle and RV end-diastolic volume index were univariate predictors of mortality (*p*=0.009, *p*\<0.001, *p*=0.002 and *p*=0.023, respectively). RHC measured mPAP was a strong predictor of mortality (*p*=0.004), as were the CMR-RV and CMR-PA/RV models (*p*=0.002 and *p*=0.012, respectively). There was a statistically significant difference in survival when the population was split by a threshold of 35 mmHg for RHC-mPAP, CMR-RV and CMR-PA/RV models, with a log rank chi squared of 5.03, 5.47 and 7.10, respectively (see Fig. [6](#Fig6){ref-type="fig"} and Table 5). On multivariate analysis (performed on all univariate predictors of outcome for demographics, right heart catheter and cardiac MRI), right ventricular mass index and PA relative area change were statistically significant, with scaled Cox multivariate hazard ratios 1.549 (95% CI 1.172-2.047, *p*=0.002) and 0.561 (95% CI 0.333-0.946, *p*=0.030), respectively.Table 4Univariate Cox proportional hazards regression analysis for survivalCox univariate hazard ratio95% confidence interval*p*-valueDemographics Age1.4240.9362.1660.098 Sex0.7810.3881.570.487 WHO functional status1.451.0312.0390.033 Walk distance0.4750.1671.3540.164 FVC % pred1.2210.8351.7850.304 FEV1 % pred1.3990.9282.1080.109 FEV1/FVC1.2440.851.820.262 TLCO % pred0.5930.191.8520.369Right heart catheter mPAP1.741.1982.5260.004 mRAP1.2970.8731.9270.199 PAWP0.9330.6511.3380.707 CI0.8470.5661.2680.421 PVRI1.3841.0341.8530.029 SvO20.8570.591.2450.418Cardiac MRI RV EDV index1.3811.0131.8820.041 RV ESV index1.3380.9811.8240.066 RVEF0.7840.5481.1220.183 RV mass index1.6731.3032.148\<0.001 LV EDV index0.7590.4941.1660.209 LV ESV index0.7660.4781.2280.269 LVEF1.0770.7561.5350.681 PA RAC0.5430.3430.8590.009 VMI1.4171.1351.7680.002 IVS angle1.481.0552.0750.023 Black blood score1.3770.9252.050.115 Average PA velocity1.0180.6971.4840.928 Alpha-index1.190.8581.650.297 CMR-RV1.5651.1752.0830.002 CMR-PA/RV1.591.1082.2820.012WHO: World Health Organisation, FEV1: Forced expiratory volume in 1 s, FVC: Forced vital capacity, RHC: right heart catheter, mPAP: right heart catheter measured mean pulmonary artery pressure, mRAP: mean right atrial pressure, PAWP: pulmonary artery wedge pressure, CI: cardiac index, PVRI: pulmonary vascular resistance index, SvO~2~: mixed venous oxygen saturation, CMR: cardiopulmonary magnetic resonance, RVEDV: right ventricular end-diastolic volume, RVESV: right ventricular end-systolic volume, RVEF: right ventricular ejection fraction, RV: right ventricle, LVEDV: left ventricular end-diastolic volume, LVESV: left ventricular end-systolic volume, LVEF: left ventricular ejection fraction, PA RAC: pulmonary artery relative area change, VMI: ventricular mass index, IVS: interventricular septum, CMR-RV: right ventricle based cardiopulmonary magnetic resonance image model, CMR-PA/RV: pulmonary artery and right ventricle based cardiopulmonary magnetic resonance image model Fig. 6Kaplan-Meier survival tables, all dichotomised by 35

Discussion {#Sec11}
==========

This study demonstrates that CMR models can be used to assess for the presence of pulmonary hypertension in COPD with good diagnostic accuracy, whilst also providing prognostic information similar to right heart catheterisation. This data supports the potential use of CMR in the non-invasive assessment of suspected pulmonary hypertension in patients with COPD. We have shown that single measurements from cardiac MRI (most notably septal angle) correlate strongly with right heart catheter measured mPAP. A model which includes measurements from the right ventricle, the diagnostic accuracy is slightly reduced, but inclusion of basic measurements of pulmonary arterial structure and function increases the accuracy of predicted mPAP and, therefore, the presence of pulmonary hypertension. Therefore, we recommend the use of CMR-PA/RV model in the diagnosis of pulmonary hypertension in patients with COPD. In the presence of COPD, right ventricular mass index and PA relative area change are the strongest predictors of outcome, but further work to develop prognostic thresholds is required.

Studies performed primarily in patients with pulmonary arterial hypertension have shown that structural and functional indices of the right ventricle (RV end diastolic volume index, RV end-systolic volume index, RV ejection fraction, RV mass, interventricular septal angle) and pulmonary artery (PA area, PA relative area change and black blood score) correlate with RHC measured mPAP. Inter- and intra-observer reproducibility data for these cardiac MRI metrics for DC and AJS have been previously published. RV end-diastolic and systolic measurements had excellent inter-observer reproducibility (ICC 0.959 and 0.991) and pulmonary artery relative area change had high inter-observer reproducibility (ICC 0.891). Right ventricular ejection fraction also had high inter-observer reproducibility (ICC 0.957) \[[@CR22]\]. We and others, have shown that we can further develop predictive equations using MR metrics to estimate measurements made at cardiac catheterisation. However, to date there is very little data on the use of MR imaging as a diagnostic and prognostic tool in patients with COPD and suspected pulmonary hypertension. In this study we have shown that these structural and functional indices of the right ventricle and pulmonary artery correlate with right heart catheter measured mean pulmonary arterial pressure: with pulmonary artery relative area change, ventricular mass index and interventricular septal angle having the strongest correlations. We have shown that the use of CMR-PA/RV and CMR-RV models, improve the prediction of mPAP and also the diagnostic accuracy of quantitative CMR measures.

The alpha model showed good correlation with mPAP, but had a low diagnostic accuracy: this model suffered from a diagnostic threshold that was too low for this cohort, significantly reducing its specificity. Changing the threshold of the alpha index to 16 increased the diagnostic accuracy of this model to 77% sensitivity and 80% specificity. This inaccuracy may be related to the measurement of right ventricular ejection fraction, particularly the reproducibility between different centres. In the original paper, it was not described how the right ventricular endocardial contours were measured, specifically, whether the papillary muscles and RV trabeculations were included, which may potentially add a bias into the calculation.

Pulmonary hypertension, confirmed by right heart catheter, has been recognised for many years as a marker of disease severity in COPD. In this study we have shown that cardiac MRI measured right ventricular mass and therefore ventricular mass index, along with pulmonary artery relative area change are significant predictors of mortality on univariate analysis. However, by using CMR derived parametric models, particularly the CMR-RV model which combine these CMRI derived measures, we can improve the prediction of outcome in COPD patients on multivariate analysis. These models may be further improved with novel imaging biomarkers in pulmonary hypertension assessment. One such marker is the 4D flow assessment of the life of vortices within the pulmonary artery, which has been shown to have a very high correlation with mPAP (r^2^ 0.95) \[[@CR23]\].

A potential source of error arises from the use of MR models, which were developed for use in a cohort of all causes of pulmonary hypertension and not validated in specific sub-groups, such as PH-COPD in this case. We feel that it is likely that the findings of a raised interventricular septal angle and ventricular mass index are likely to occur most subgroups of pulmonary hypertension (with the exception of left heart disease) as they are related to the pressure differential between the left and right ventricles. The measures of pulmonary arterial structure and function (size and relative area change) are likely to be transferable across subgroups, as they are markers of pulmonary vascular compliance and remodelling. We, therefore, feel that it reasonable to use these models in specific sub-groups of pulmonary hypertension, although validation, such as in this paper, would be useful. The models that are used in this paper use parameters that are stated with a degree of precision (for example an offset of 21.806 for CMR-PA/RV), likely more than is required for this purpose. We have maintained the equations in the published form to reduce any bias in the calculations, but it is likely that fewer decimal places could be used for these parameters for the prediction of outcome and the presence of pulmonary hypertension in COPD.

Currently, RHC is the gold standard test for the assessment of pulmonary hypertension and is used to assess prognosis in suspected COPD-PH cases. The ability to use non-invasive CMR models in this patient group may avoid the need for RHC, as we have shown CMR to be as good in the assessment of prognosis. The strong correlation of CMR imaging models with RHC mPAP suggest it may also have a role in follow-up, and also in assessment of treatment response in possible future trials assessing vasodilator response in COPD-PH. The role of cardiac MRI in COPD is further strengthened as this is a cohort of patients in which echocardiography is challenging. In the presence of COPD echocardiography has a relatively high rate of non-diagnostic quality studies. It has a good negative predictive value, but a poorer positive predictive value \[[@CR14]\]. In patients with a normal right ventricle and predicted systolic pulmonary artery pressure (estimated from the tricuspid regurgitant jet velocity using the Bernoulli equation) pulmonary hypertension is highly unlikely. The main role for cardiac MRI in patients with COPD, therefore, probably lies in the group of patients with high estimated systolic pulmonary artery pressures or non-diagnostic scans. This may be at diagnosis, as studied in this paper, or potentially at follow-up.

The non-invasive estimation of mPAP has multiple other potential uses, beyond prognosis in COPD, although these have not been addressed in this paper. In advanced COPD patients considered for lung volume reduction surgery (LVRS), severe pulmonary hypertension is considered a contraindication \[[@CR24]\], so the non-invasive assessment of mPAP on MR would be a useful tool in patient selection. Furthermore, left or right ventricular dysfunction is considered a relative contraindication to LVRS \[[@CR24]\], and can be assessed at the same CMR sitting. In COPD patients with pulmonary hypertension there is evidence that outcome may be improved if treated with lung transplantation over LVRS \[[@CR25]\], assessment of mPAP could be performed in the same sitting as a ventilation study in the preoperative assessment of LVRS or transplant candidates \[[@CR26], [@CR27]\], allowing for the assessment of the best surgical option and the best target in the lung.

This study is limited by its single centre, retrospective design, at a tertiary pulmonary hypertension referral centre where the severity of pulmonary hypertension is more severe. The results, therefore, represent a biased population, as the patients have been screened by echocardiography and excessive symptoms for the presence of pulmonary hypertension before referral (the vast majority of patients with COPD are managed in primary care). This has resulted in a smaller proportion of non-pulmonary hypertension patients than would be present in a general population of COPD; however, in the absence of a prospective trial, this is difficult to overcome. Furthermore, the assessment of the presence of COPD in the population relied upon the accurate documentation of a clinical diagnosis of COPD. This likely resulted in a lower proportion of patients being identified, but is likely to be more robust than using either spirometry or CT defined emphysema alone. Despite this, we feel that these tools are valid for the assessment of patients who are referred to a pulmonary hypertension centre regarding the presence of pulmonary hypertension and prognosis, as this is the population that was studied. It may be that more specific diagnostic thresholds would be suitable for use in the general COPD population.

Conclusion {#Sec12}
==========

The use of the CMR-PA/RV model, derived from cardiovascular magnetic resonance imaging in the assessment of COPD allows for accurate, non-invasive estimation of pulmonary artery pressure and the presence of pulmonary hypertension. Right ventricular mass index and pulmonary artery relative area change are most predictive of outcome.

Guarantor {#FPar1}
=========

The scientific guarantor of this publication is Dr Andrew Swift.

Conflict of interest {#FPar2}
====================

The authors of this manuscript declare no relationships with any companies, whose products or services may be related to the subject matter of the article.

Funding {#FPar3}
=======

This work was supported by NIHR grant NIHR-RP-R3-12-027, Wellcome grant 205188/Z/16/Z and MRC grant MR/M008894/1. The views expressed in this publication are those of the author(s) and not necessarily those of the NHS, the National Institute for Health Research or the Department of Health. D. Capener was part funded by an unrestricted research grant from Bayer.

Statistics and biometry {#FPar4}
=======================

No complex statistical methods were necessary for this paper.

Informed consent {#FPar5}
================

Written informed consent was waived by the Institutional Review Board.

Ethical approval {#FPar6}
================

Institutional Review Board approval was obtained.

Methodology {#FPar7}
===========

• retrospective

• diagnostic or prognostic study

• performed at one institution
